Objective To examine associations between thigh circumference and incident cardiovascular disease and coronary heart disease and total mortality. Design Prospective observational cohort study with Cox proportional hazards model and restricted cubic splines. Setting Random subset of adults in Denmark. Participants 1436 men and 1380 women participating in the Danish MONICA project, examined in 1987-8 for height, weight, and thigh, hip, and waist circumference, and body composition by impedance. Main outcome measures 10 year incidence of cardiovascular and coronary heart disease and 12.5 years of follow-up for total death. Results A small thigh circumference was associated with an increased risk of cardiovascular and coronary heart diseases and total mortality in both men and women. A threshold effect for thigh circumference was evident, with greatly increased risk of premature death below around 60 cm. Above the threshold there seemed to be no additional benefit of having larger thighs in either sex. These findings were independent of abdominal and general obesity, lifestyle, and cardiovascular risk factors such as blood pressure and lipid concentration. Conclusion A low thigh circumference seems to be associated with an increased risk of developing heart disease or premature death. The adverse effects of small thighs might be related to too little muscle mass in the region. The measure of thigh circumference might be a relevant anthropometric measure to help general practitioners in early identification of individuals at an increased risk of premature morbidity and mortality.
INTRODUCTION
Several studies have shown a U-shaped association between body mass index (BMI) and mortality, suggesting both a high and a low BMI are associated with premature death. 1 More recent data suggest that while the increased risk seen with a high BMI is mirrored by the risk associated with a high body fat mass, the risk observed at low BMI seems more closely linked to the risk associated with low fat free mass than low fat mass. 2 3 A larger hip circumference relative to BMI and waist circumference seems a strong inverse predictor of both morbidity and mortality. [4] [5] [6] [7] In this context, a recent study suggested that lower body muscle mass is particularly related to the development of type 2 diabetes. Indeed, studies have reported that insulin resistance could be provoked in lower body muscle, such as leg muscle, but not in arm muscle, 8 9 suggesting that the size of the lower body muscle might have great relevance for developing type 2 diabetes. These findings are in line with results from a study among patients with chronic obstructive pulmonary disease, a condition characterised by wasting of muscle, particularly of the lower extremities, which found that the cross sectional area of mid-thigh muscle was a far better predictor of mortality than BMI. 10 Lower body fat, however, might also offer cardioprotection through endocrine secretion of various adipokines, such as adiponectine, a peptide with apparent anti-inflammatory properties. [11] [12] [13] In particular, low subcutaneous fat in the thighs leads to adverse glucose and lipid metabolism. 14 We do not know whether thigh size is independently related to cardiovascular and coronary heart disease or premature death among the general population. We therefore examined associations between thigh circumference and early total mortality and morbidity from heart disease. We hypothesised that a threshold effect would be evident, above which no further protection from large thighs would be evident because of a sufficient thigh tissue mass.
METHODS

Sample
Of those invited to participate, 2987 (83%) people born in 1922, 1932, 1942, or 1952 , and with a mean age of 50.1 (SD 10.8) in men and 49.7 (SD 10.9) in women at examination in 1987-8, had their height, weight, and thigh, hip, and waist circumference measured as part of the Danish MONICA (monitoring trends in and determinants of cardiovascular disease) project, 15 an international study conducted under the auspices of the World Health Organization. 16 Body fat mass and lean body mass was estimated from impedance measures, by using an equation developed previously for estimating body composition specifically for this population sample. 17 We included in this study only the 1436 men and 1380 women who were free from coronary heart disease, stroke, or cancer at baseline (63 excluded) and had complete information on all covariates (103 excluded).
Anthropometric measures
Body weight was measured to the nearest 0.1 kg with a lever balance with participants wearing underwear or light clothing. Height without shoes was measured to the nearest 1 cm. Thigh, waist, and hip circumferences were measured to the nearest 1 cm. Thigh circumference was measured directly below the gluteal fold of the right thigh. Waist circumference was measured mid-way between the lower rib margin and the iliac crest, while hip circumference was measured at the point over the buttocks yielding the maximum circumference. All anthropometric measurements were taken in accordance with WHO standards. 18 Bioelectrical impedance measurements A BIA-103 RJL system analyser (RJL Systems, Detroit) was used to measure electrical impedance, according to the instructions provided by the manufacturer. The measurement was done with tetra-polar electrode placement with participants lying relaxed on a couch, limbs slightly abducted from the body. Electrodes were placed on the dorsal surfaces of the right hand and foot, at the distal metacarpals and metatarsals, respectively, and between the distal prominence of the radius and the ulna at the wrist and the medial and lateral malleoli at the ankle. An equation for estimating body fat from impedance had been developed earlier based on a subgroup by using measurements of total body water and potassium to specifically fit this random sample of Danes. 17 The equation is body fat (kg) = 0.819 body weight (kg) − 0.279 height 2 /resistance (cm 2 /ohm) − 0.064 sex × body weight (kg) + 0.077 age (years) − 0.231 height (cm) + 14.941. (Sex is coded as 1 for men and 0 for women). Percentage body fat was calculated from measures of body fat mass and body weight.
End points
Participants initially free from coronary heart disease, stroke, and cancer were followed up until 9 December 2002 through personal identification numbers at the National Registers of Hospital Discharge and Death Registry for an average of 12.5 years for all causes of death, and for 10 years until January 1999 for incident cardiovascular and coronary heart diseases. ICD-8 (international classification of diseases, eighth revision) codes 390-458 and ICD-10 (10th revision) codes I00-I52, and I60-I99 were used to evaluate incidence of cardiovascular disease. For the incidence of coronary heart disease ICD-8 codes 410-414 and ICD-10 codes I20-I25 were used. Data on all participants could be retrieved from the registries.
Covariates
For leisure time physical activity participants placed themselves in one of four groups: (1) your leisure time activities are sedentary, such as sitting, reading, watching television, going to the cinema; (2) you walk and sometime cycle, and you are active at least four hours a week (such as building, table tennis, and bowling); (3) you are active in sports, such as running, swimming, playing tennis or badminton, etc, at least three hours a week, or you often do heavy gardening or spare time work; (4) you are an elite sportsperson, swimming, playing football, or long distance running, etc, several times a week. We merged groups (3) and (4) because of insufficient numbers in group (4) .
Participants also reported whether they were current smokers, ex-smokers, or never smokers. Smokers reported daily tobacco consumption, type of tobacco, and duration of smoking, and ex-smokers were asked about duration of smoking and time since quitting. Pack years of smoking were calculated for all current smokers as the number of years of smoking × daily tobacco consumption (g) divided by 20. Participants reported their weekly consumption of beer, wine, and spirits. For the analyses we divided units per week into ≤1, 2-6, 7-13, 14-27, 28-41, and >41. In addition, education was assessed with questions about the highest grade or year of regular schooling and the highest degree earned, and classified into 0-7 years, 8-11 years, and >12 years; and women gave information about whether they had entered menopause.
Systolic blood pressure was measured with a London School of Hygiene sphygmomanometer, with one of three different cuffs. Duplicate measurements were done in the left arm after minimum of five minutes' rest in a supine position. Means of duplicate measures were calculated. Total serum cholesterol and triglyceride concentrations (mmol/l) were measured from blood samples drawn after a 12 hour overnight fast. Commercial enzymatic methods (Boehringer Mannheim, GmbH, Mannheim, Germany) were used to analyse for the lipids.
Statistical analyses
We used Kruskal-Wallis tests and χ 2 tests to compare the distribution of the variables between groups of survivors and those who died and Cox proportional hazard regression model with age during follow-up as underlying time scale. 19 This means that the baseline hazard represents the age specific mortality rate for a reference individual, and the estimated hazard ratios are mortality rate ratios relative to the age specific mortality rate of the reference individual. As the cohort comprised four different birth cohorts, the three oldest birth cohorts were considered late entries.
Separate analyses were performed for men and women. We fitted a series of four models examining the association between thigh circumference and total mortality and cardiovascular and coronary heart disease under different adjustments schemes. The first model (the basic model) included thigh circumference, smoking, education, physical activity, and menopause in women. Model 2 additionally adjusted for body fat percentage and height. Model 3 additionally adjusted for BMI and waist circumference. Model 4 additionally adjusted for systolic blood pressure, total cholesterol and triglyceride concentrations, and alcohol consumption. Finally, we explored the effects of smoking and residual confounding from amount smoked during a life time (pack years). Cubic splines with four knots placed at the 5th, 35th, 65th, and 95th centiles to allow for non-linear effects of the continuous effect variables as well as covariates. 20 The splines were restricted to be linear below the first knot point and above the last knot point. The proportional hazards assumption implies that the effects of the covariates are constant over time-that is, do not vary with age. We examined this assumption with Schoenfeld residuals 21 and found no indication of problems regarding non-proportionality. The curves had a shape indicating a threshold effect and in the final analyses we assumed that the log hazard below a given threshold was a linear function of thigh circumference. Among all such models we used the model with the lowest value of Akaike information criterion as an estimate of the threshold.
RESULTS
Over 12.5 years of follow-up 257 men (crude rate/ 1000=3.3) and 155 women (8.0) died. In the 10 years to January 1999, 263 men (9.4) and 140 women (0.1) experienced incident cardiovascular disease, and 103 men (7.3) and 34 women (2.4) experienced incident coronary heart disease. Table 1 gives information on the anthropometric variables and lifestyle by vital status among men and women. Compared with the men who died during follow-up, baseline BMI, body fat, hip and waist circumferences, age, blood pressure, and lipid concentrations, as well as pack years and prevalence of smokers, heavy drinkers, and inactivity were generally lower for the men who survived, whereas baseline fat free mass, thigh circumference, and height were greater for the survivors. Similar findings were seen for the women, though not significantly so for BMI, percentage body fat, hip and waist circumference, and alcohol consumption.
Men and women with thigh circumferences below median values had lower BMI, body fat, fat free mass, waist circumference, and height. Men with smaller thighs had slightly lower triglyceride concentrations (median 1.1 mmol/l (95% confidence interval 0.6 to 2.6 mmol/l) v 1.3 mmol/l (0.6 to 3.5 mmol/l)). They tended to be older (55.7 years (35.7 to 66.3 years) v 45.9 years (35.6 to 65.8 years)), more were smokers (60.3% v 49.2%, P<0.001), and median pack years (27.9 years (7.7 to 59.3 years) v 23.0 years (6.4 to 52.1 years)) were slightly higher. Systolic blood Tables 2-7 show the predicted hazard ratios and confidence intervals for various centiles in the distribution of thigh circumference (the 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 95th, and 97.5th centiles) in relation to total death and cardiovascular and coronary heart diseases for men and women. The reference hazard ratio is for those with a median thigh circumference. Results are given for basic models (model 1) with adjustment for smoking, education, physical activity levels, and menopausal status (for women); additional adjustment for percentage body fat and height (model 2); and additional adjustment for BMI and waist circumference (model 3). Model 4 was also adjusted for alcohol intake, systolic blood pressure, and total cholesterol and triglyceride concentrations. In models 2 and 3, effects of thigh circumference were independently related to total death and cardiovascular and coronary heart diseases for men and to total death for women. A smaller thigh circumference was also related to cardiovascular disease in women (model 2 but not model 3), but associations with coronary heart disease did not reach significance. Inclusion of total cholesterol and triglyceride concentrations, systolic blood pressure, and alcohol consumption weakened associations slightly, but the general effects of thigh circumference remained significant for total mortality and cardiovascular disease (men only). Stepwise analyses showed that associations between thigh circumference and the end points were attenuated slightly by the inclusion of blood pressure, whereas inclusion of lipids or consumption of alcohol gave virtually similar results (data not shown). There were no significant interactions between age groups (all P>0.05), suggesting that associations with thigh circumference were similar for younger and older people (data not shown). Figure 1 show the relation between thigh circumference and the hazard ratio for total death in men and women. The independent inverse relations became stronger in the adjusted analyses compared with the basic analyses for both men and women. For a given BMI and waist circumference, or percentage fat mass and height, men and women with smaller thighs had an increased risk of early death compared with those with larger thighs. Similar hazards were apparent for both sexes and irrespective of adjustment for percentage fat mass and height or BMI and waist circumference.
In both men and women, there was a threshold effect in the curves for all end points, suggesting the existence of a critically low thigh circumference. This threshold was 62 cm for both men and women in relation to total mortality, 56 cm in relation to cardiovascular and coronary heart diseases for men, and 68 cm in relation to cardiovascular disease for women, and 60 cm in relation to coronary heart disease for women. Above these thresholds, the protective effect of having larger thighs on survival and morbidity from cardiovascular and coronary heart diseases was no longer related to the size of the thighs, whereas below the threshold the risk was greatly increased. Figure 2 shows the relation between thigh circumference and the hazard ratio for total death from model 3 and model 4 in men and women. The associations were attenuated only slightly by the inclusion of alcohol intake, systolic blood pressure, and total cholesterol and triglyceride concentrations. The shape of the curves was essentially similar before and after adjustment. Also, associations stratified by smoking or never smoking showed similar inverse associations, with greater hazard rates for those with smaller thighs for both sexes. Figure 3 shows the relation between thigh circumference and the hazard ratio for total death from model 3 according to smoking status, before and after adjustment for pack years from information on daily tobacco consumption and duration of smoking, in men and women. The hazard ratios seemed smaller among never smokers than among smokers, but the difference did not reach significance. Further adjustment for pack years among the smokers attenuated the association between thigh circumference and the end points slightly among men. Among female smokers, the associations between thigh circumference and the end points became slightly stronger after adjustment for pack years.
DISCUSSION
We found independent inverse associations between thigh circumference and total death and morbidity from cardiovascular disease in both men and women that were particularly evident when thigh circumference was below a threshold of around 60 cm. Above this threshold there did not seem to be any further benefit of having larger thighs. The increased risk associated with smaller thigh circumferences was seen independently of percentage body fat mass and height or of waist circumference and BMI for all end points, suggesting that for any given degree of general and abdominal obesity, smaller thighs are a disadvantage to health and survival for both sexes. Further analyses with adjustment for systolic blood pressure, total cholesterol and triglyceride concentrations, and alcohol weakened the associations only slightly, and suggested that associations between thigh size and the end points were not mediated by differences in these variables. Some power was lost, however, by the inclusion of more covariates and the associations between thigh circumference and particularly coronary heart disease did not remain significant. Our analyses indicated that associations were independent of heavy smoking as measured by pack years, and associations seemed to be stronger for smokers than for never smokers, but this difference was not significant, probably because of too few end points in the two groups of the stratified analysis. Comparison with other studies Our findings are in line with earlier observations of a threshold effect for a low total fat free mass, 2 further supporting that the apparent threshold effect for the risk related to a low thigh circumference might depend primarily on too little fat free mass in the area rather than on too little fat or a small pelvic size. Insulin sensitivity might be lowered when leg muscle is small, 8 9 14 and lack of subcutaneous fat might also influence glucose and lipid metabolism in a negative way. 14 We did not take measures of insulin sensitivity or glucose tolerance and therefore cannot examine if associations between thigh circumference and the end points were partly mediated by disturbances in glucose metabolism. Adjustment for total cholesterol and triglyceride concentrations, however, made little difference to our results, suggesting that differences in lipids were not the primary pathway linking larger thighs to survival. Indeed, even if our observed associations between smaller thigh size and mortality were independent of total body fat, lack of subcutaneous fat in the thigh might still be relevant. In light of the fact that the composition of soft tissue on the thigh differs between the sexes, it is interesting that associations were more or less similar for women and men and that the threshold did not differ substantially. This raises the question as to whether there is a sex difference in the health risk related to lower body peripheral fat and lower body muscle. Previous studies showing a stronger relation between hip circumference and coronary end points, as well as total mortality, in women than in men, support such a sex difference, though none of these previous studies considered total or regional body composition. [4] [5] [6] Strengths and limitations of study The fact that associations were independent of percentage body fat as well as abdominal obesity suggests that the risk with smaller thighs might be associated with too little muscle mass in the region. It is a limitation that we did not measure tissue composition of the thighs to study this question. Residual confounding by smoking or exercise is a possibility, though the fact that the risk associated with smaller thighs was seen both for smokers and non-smokers and that the increased risk among smokers was independent of confounding from pack years suggests that residual confounding from smoking was not a major problem. For exercise, the possibility remains of residual confounding. Previous studies, however, have shown that the measure of physical activity we used correlates well with maximum oxygen volume capacity 22 and has a for non-smokers, adjusted for education, physical activity, menopause in women, BMI, and waist circumference; and for smokers, before and after additional adjustment for pack years strong predictive value in relation to mortality and cardiovascular disease, 23 24 making the possibility of residual confounding from exercise less likely.
Thresholds were evident in the range of 56-68 cm, depending on end point and sex. For practical purposes we suggest the use a common threshold of 60 cm. It should be noted that we might not have had sufficient power to show significant age differences in associations and thresholds, though we did not find much evidence for such differences.
Finally, lack of power might have prevented us from finding significantly stronger associations between thigh size and mortality for the smokers compared with non-smokers or for the associations in relation to coronary heart disease morbidity, especially among the women.
Conclusions and policy implications
We found that having smaller thighs was associated with development of cardiovascular morbidity and early mortality. The increased risk was independent of abdominal and general obesity and lifestyle and cardiovascular risk factors, such as blood pressure and lipids, related to early cardiovascular morbidity and mortality. Additionally, we found that the risk was more highly related to thigh circumference than to waist circumference. In this regard, it is important to note that modifiable risk factors for abdominal obesity, or behaviours to selectively reduce waist circumference, are generally unknown. Thigh muscle mass, on the other hand, can be selectively increased by lower body physical activity, [25] [26] [27] [28] and a clear public health recommendation to change this risk factor can be easily communicated.
Our results suggest that there might be an increased risk of premature death related to thigh size. Furthermore, there seems to be a threshold effect of smaller thighs, but this needs further confirmation before the results can be generalised. On the other hand, the fact that more than half of the men and women aged 35-65 have thigh circumferences below the threshold is worrying. General practitioners could use thigh circumference as an early marker to identify patients at later risk of cardiovascular disease and early mortality.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Low BMI and low fat free mass are associated with early mortality High BMI, waist circumference, waist to hip ratio, and low hip circumference are also associated with early mortality
WHAT THIS STUDY ADDS
Among both men and women, smaller thighs were associated with increased risk of cardiovascular disease and total mortality A threshold effect for smaller thigh circumference was seen at around 60 cm; above this threshold the protective effect of having larger thighs carried no further survival advantage A focus on thigh circumference might help general practitioners to identify individuals who are at increased risk of early morbidity and mortality RESEARCH
